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SINGLE-STAGE EVALUATION
OF HIGHLY LOADED, HIGH-MACH-NUMBER COMPRESSOR STAGES
V.DATA AND PERFORMANCE
OF BASELINE, CORNER-BLOW, WALL SUCTION,
AND COMBINED CORNER-BLOW AND WALL SUCTION STATOR

J. P. Nikkanen and J. D. Brooky
Pratt & Whitney Aircraft Division
United Aircraft Corporation

SUMMARY

A compressor stage with a rotor tip speed of 1600 ft/sec was tested to evaluate the effective-
ness of several stator endwall treatment methods. Blowing was applied in the corners formed
by the stator suction surface and the 1D wall and stator suction surface and OD wall. Annulus
suction was applied at both 1D and OD walls ahead of the stator leading edge plane. A com-
bination of blowing and annulus wall suction was also applied at both 1D and OD.

Comparison of data taken with and without blowing showed no significant changes in stage
performance. With suction and combined suction and blowing, the corrected peak efficiency
dropped 2.5 percent relative to the baseline. Blowing and combined suction and blowing gave
reduced stator endwall losses, but these reductions were too small and too local to affect the
overall stage performance. The weight flows at surge were practically the same for each of the
stator endwall treatment methods and resulted in a surge line identical to that for the baseline
data.

INTRODUCTION

Recent results from research compressors have shown that compressor rotors can be designed
to operate with a high aerodynamic blade loading and/or a high inlet relative Mach number
and still achieve good efficiency (85 to 94 percent) with acceptable stall-margin (12 to 15 per-
cent). However, there is a severe penalty on stage efficiency due to high stator-losses. The
major portion of the high loss region occurs in the vicinity of the stator endwalls. Therefore,
gains in stage performance are limited by the level of losses in the stator endwall regions. In
addition to high stator-losses, in many cases the stall-free range of the compressor stage is
limited by stator stall.

As part of Contract NAS3-10482, a stator endwall treatment test program was initiated to
investigate the effectiveness of various types of endwall treatments on reducing stator losses
and increasing the stator stall-free range of operation. The single-stage compressor used in
this investigation was the same compressor used in the work presented in reference 1 with
stator corner-blow and wall-suction added. To evaluate the effect of endwall treatment on
stator range, the stator vanes were restaggered four degrees open (increased incidence) with
respect to the design stagger. This compressor had a design rotor tip-speed of 1600 ft/sec and
demonstrated a rotor pressure ratio of 2.0, a rotor efficiency of 89 percent, a stage pressure
ratio of 1.946, and a stage efficiency of 84.5 percent.



Small amounts of blowing air have been used in the past to energize boundary layers. The
corner-blow technique is an adaptation of this concept to stator endwalls. Since stator end-
wall loss is a function of inlet condition, a reduction in inlet boundary layer should reduce the
loss; the wall-suction concept is an effort to do this.

This report presents the results of applying stator corner-blow, wall suction, and combined
commer-blow and wall suction to a highly-loaded, high-Mach-number single-stage compressor.

TEST APPARATUS

TEST COMPRESSOR

The compressor used in this program, Figure 1, was a highly-loaded, high-Mach-number,
single-stage compressor with no inlet guide vanes, 30 MCA rotor blades, and 44 MCA stator
vanes. It was the same compressor as used in the work presented in reference 1 except for
the addition of comer-blow nozzles and wall suction slits and restaggered stator blades. The
stator blades were restagged four degrees to increase incidence so that the effects of endwall
boundary layer control treatments on stator flow range could be evaluated. The rotor was
the same one used in the work presented in reference 2. A summary of rotor and stator de-
sign parameters is provided in the table below. Complete design details are given in refer-
ence 3.

MCA ROTOR AND STATOR DESIGN PARAMETERS

ROTOR — STATIONS 8 AND 9

% Span Dia—1 Dia—2 g1 g2 B* 1ss B* sh Solidity
5 (hub) 17.47 19.77 48.97 1.87 55.40 45.74 2.276
10 18.47 2041 49.59 9.63 56.02 46.76 2.173
15 19.47 21.05 5044 16.51 56.59 47.76 2.080
30 22.31 22.96 53.77 29.73 57.87 50.53 1.855
50 25.79 25.52 5640 42.30 59.30 54.68 1.638
70 28.95 28.08 59.08 50.53 61.07 59.17 1.476
85 31.29 29.99 61.63 54.11 62.96 63.01 1.379
90 31.88 30.63 62.53 55.10 63.65 64.18 1.355

95 (tip)  32.50 31.27 63.21 55.84 64.14 64.96 1.332
STATOR — STATIONS 10 AND 11

5(hub) 2041 21.49 39.23 -16.41 42.15 3447 2,010
10 21.01 21.96 38.27 -15.44 41.21 32.62 1.959
15 21.59 2243 3742 -14.89 40.36 30.94 1911
30 23.31 23.90 3544 -15.22 38.44 27.18 1.781
50 25.60 25.89 33.60 -16.04 36.72 2401 1.632
70 27.82 27.90 3245 -17.48 35.68 22.38 1.508
85 2941 29.38 32.12 -1991 3544 22.82 1430
90 29.91 29.86 32.15 -21.40 3548 23.36 1.407
95 (tip)  30.38 30.29 32.33 23.69 35.69 2440 1.387

NOTE: Symbol definitions appear in Appendix D.



AERODYNAMIC DESIGN
Corner-Blow Stator

Significant improvements in stator performance can be obtained by reducing endwall losses.

Studies have shown that separation in the comner between the stator suction surface and end-
walls is a major source of loss. A stator endwall boundary layer control system was designed
which uses blowing to energize this corner flow. The methods used to determine the separa-
tion points of the corner boundary layer and to calculate blowing flow rates required to pre-
vent separation are outlined below.

The shape parameter introduced by K. Gersten [ref. 4] for a three-dimensional corner boundary

layer
= /=5 \ Y%
r. = —93 des ( st _03 ) ’ (1)

3 Vi, dx v

was used as the criterion for corner separation. Gersten found that turbulent corner separation
occurs for I'; = -0.007. A chordwise distribution of I'; was calculated from airfoil static
pressure distribution data obtained from the MCA stator tests conducted under NASA Con-
tract NAS3-7614 in which stator geometry and aerodynamic conditions were very similar to
those of the subject investigation. The distribution of the local values of pressure coefficient
used is shown in Figure 2. Two probable points of corner boundary layer separation are in-
dicated on the chordwise distribution of I'; shown in Figure 3. They occur at approximately
22 and 52 percent of the stator chord length where I'; is about -0.007. Even when the bound-
ary layer at 22 percent chord was assumed to be completed energized, calculations showed
that separation may still occur at approximately 65 percent chord. Nozzles were located in
both the hub and tip stator case at 18 and 48 percent chord to blow high-energy air into the
corner boundary layer just upstream of each potential separation point. Blowing simuitaneously
through both sets of nozzles should prevent separation at both chordwise locations. Require-
ments for operating with one-half optimum blowing flow were met by using nozzles at only
one chordwise location, giving reduced flow while maintaining high velocity in the blowing
flow.

The blowing rate required to prevent separation at each separation point is given by the ex-
pression

w blow = pfs st (K V "~ 1'153 6x2> (2)

where K is a shape factor for corner boundary layers obtained empirically from P& WA cas-
cade experiments.

Figure 4 presents a sketch of the corner boundary layer showing the extent of the interference
region, t, where the stator gapwise velocity profiles are affected by the corner.



Chordwise distributions of the velocity and interference momentum loss area used in the solu-
tion of equation (2) were calculated from the pressure coefficients, C_, obtained from the
stator tests conducted under NASA Contract NAS3-7614. The distrilgution of 6;2 was found
from a correlation of cascade data [ref. 5]. A correlation of endwall boundary layer growth
[ref. 5] was used to predict displacement thicknesses on hub and tip walls at the rotor exit
and stator exit. Rotor inlet boundary layer measurements obtained in tests of a similar single-
stage compressor in the same test stand were assumed to be the same for the subject stage.
Calculated growths through the rotor and stator gave displacement thicknesses at the stator
exit which were in good agreement with displacement thicknesses calculated from wake rake
measurements during tests of this compressor.

Blowing flow rates at the probable points of boundary separation were established by inter-
grating chordwise distributions of the local values of flow given by equation (2). This pro-
cedure provided a flow rate at one point equivalent to what would be supplied by a continu-
ous slit at the comer between the stator suction surface and the endwalls. 1t gave a surplus
flow to insure that the boundary layer was energized. The total design flow at 18 and 48 per-
cent chord was 0.158 1b/sec at the hub for 44 vanes calculated with this procedure and 0.096
Ib/sec at the tip. The nozzles were designed to operate choked, with blowing flow rate con-
trolled by the stator hub and tip supply pressures.

Wall-Suction-Stator

A wall-suction boundary layer control scheme was designed to improve stator performance by
reducing the stator inlet displacement thickness. This was accomplished by removing wall
boundary layer air through annular slits upstream of the stator leading edge, Figure 5. Enough
flow was extracted to reduce 8;2 , the boundary layer thickness at the stator inlet, below the
value at which separation was predicted to occur. This value of 6;2 was calculated using the

expression
28" K
x2 = 2 _ 3
: ( APlq ) % ®
b _ <5:2 + 5:1) AP
where K2 = S S a
5* 5*
and K1 = < 2 X1)
c c

K1 and K2 have been correlated with cascade data [ref. 5].

The amount of suction flow required to obtain the desired 6:2 was obtained from

Wsucrion =271 g, V (682 —0a1> 4)

where 0 a2 is the momentum thigkness downstream of the suction slit

1 /&
0 = x2
a,2 Ha \ 6;2 /8;'2 ) (5)



and 6 ] is the momentum thickness upstream of the suction slit
a,

ea 1 =" EJ_ 6)
’ Ha,1
where
2 . 1
H = 2 +1and —=& =
a n an 6 n+1

The displacement thickness, 5:, and the boundary layer thickness, §, were calculated from
data taken during the MCA and tandem rotor tests.

The hub and tip suction slit flow rates calculated using equation (4) were 2.02 and 2.66 Ib/sec,
respectively. The tip slit was designed to operate choked, but choked operation of the hub
slit was not possible because of piping limitations.

MECHANICAL DESIGN
Baseline Stator

The baseline stator configuration was the same as that tested with stator hub slit suction
1ref. 2] except that there were no suction slits in the corner between the vane suction surface
and the hub endwall. Asshown in Figure 1, tubes were located in the hub and tip endwalls
which were used as blowing nozzles during the corner-blow-stator test. Blowing flow was not
supplied to these tubes during baseline stator tests.

Corner-Blow-Stator

Blowing nozzles were located at 18 and 48 percent of the chord length in comers followed by
the vane suction surfaces and endwalls at both the stator hub and tip (Figure 5). These nozzles
directed blowing flow tangent to vane suction surface and at an angle of between 10 and 15
degrees to the endwalls. Four common manifolds supplied pressurized air to sets of blowing
nozzles at the same location on all the vanes. The flow rate into each of the four common
manifolds and the total pressure and total temperature in each manifold were measured. These
measurements were used to calculate the pressure of air entering the compressor using a cali-
bration of Pt-nozzle-exit/Pt-manifold versus blowing flow rate corrected to the manifold tem-
perature and pressure. Each set of forty-four blowing tubes at a given vane location could be
operated and controlled independent of the other sets.

A sample vane and blowing-nozzle-assembly was calibrated to determine the choke flow rate
and pressure loss for each of the four nozzle configurations. The assembly was connected to
a variable high-pressure air supply to simulate the manifold that supplies the nozzles in the
test stage. Flow rates were measured for nozzle exit pressures from 1.4 to 2.2 times atmos-
heric pressure, and the choke flow rate was determined for each nozzie. Based on the results
of this calibration, a blowing nozzle tube inner diameter of 0.096 inch was selected. With this
tube size, the ID and OD nozzles were capable of supplying 260 and 240 percent of their
respective design flow rates.



Wall-Suction-Stator

Wall boundary layer air was extracted through annular slits in the flowpath casing, shown in
Figure 6, and collected in separate hub and tip plenums which were evacuated by external
exhausters. The hub slit annulus was 0.170 inch wide and made an angle of 38 degrees with
the flowpath. The tip slit annulus was 0.140 inch wide and made on air angle of 25 degrees
with the flowpath. Flow rate, total pressure, and total temperature were measured for each
plenum,

Four hollow struts ahead of the rear bearing supports removed the boundary layer air extracted
through the hub slit (Figure 1). Flowpath exit area requirements limited the number and size
of the struts used to remove the suction flow. Additional blockage from more than four struts
would have caused the compressor discharge flow to choke near the hub at the wide open
throttle data point. With only four struts and a requirement to pass a flow of 2.02 Ib/sec, it
was necessary to design the suction system for low pressure-loss. Slit manifold pressure was
below the lowest gapwise static pressure previously measured at the stator inlet; therefore,
recirculation should not have occurred in the slots during slot suction testing.

During the corner blow stator test, the annular wall-suction slits were sealed to prevent re-
circulation in the slits due to the static pressure variation across the gap between adjacent
stator vanes. Access for removing the sealer material from the hub and tip slits was obtained
by removing the rotor and front shaft assembly at the test stand.

Combined Corner-Blow Wall-Suction Stator

Simultaneous or independent operation of the corner-blow nozzles and the annular wall-suc-
tion slits was possible with this stator. For tests with combined corner-blowing and wall suc-
tion, both treatments were operated simultaneously.

FACILITIES

To satisfy the blowing and suction flow requirements for the boundary layer control treat-
ments, connecting piping was designed to provide access to the test facility suction and high
pressure air supply systems (Figure 7). The design provided remotely and independently con-
trollable flow rates for each of the four sets of blow nozzles and each of the two annular wall-
suction slits. Other facility hardware was the same as described in reference 1.

INSTRUMENTATION AND CALIBRATION

Static pressure in the four blowing-nozzle manifolds and in the hub annular wall-suction slit
plenum was measured by means of four static pressure taps, and the total temperature was
measured with two bare-wire thermocouples. Eight static pressure taps and four bare-wire
thermocouples were used to measure the static pressure and total temperature in the tip wall-
suction slit plenum. There were two static pressure taps and one thermocouple in each of
four 90-degree segments of the tip plenum. Blowing and suction flow rates for each manifold
or plenum were measured by means of sharp edge orifices. Other instrumentation was as de-
scribed in reference 1. Typical instrumentation is shown in Figure 8, and axial and circumfer-
ential locations of instrumentation are shown in Figures 9 and 10, respectively.



TEST PROCEDURE

Uniform inlet-flow was used for all tests. Vibratory stresses were measured with strain gages
located at selected blades and vanes-and were monitored and/or recorded by on-stand equip-
ment. The test program was divided into two phases. During the first phase, which included
baseline and corner-blow stator tests, the annular wall-suction slit upstream of the stator was
sealed to prevent the baseline stator performance from being affected by recirculation in these
slits. The second phase of the test program was conducted after this sealer material was re-
moved. This was accomplished at the test stand by separating the rotor front-shaft assembly
from the rear shaft to provide access to the suction slits.

PHASE | — BASELINE AND CORNER-BLOW STATOR TESTS
Corner-Blow Flow Optimization Tests

To determine the optimum corner-blow flow to be used for subsequent testing, overall and
blade element performance data were taken at five points at design speed near peak efficiency.
At each of these five data points, a different combination of the four sets of blowing nozzles
were operated at choke flow. Choke flow through the forty-four hub nozzles at 18 and 48
percent chord-lengths was 0.22 Ib/sec and 0.19 Ib/sec, respectively. Choke flow through the
tip nozzles at 18 and 48 percent chord-lengths was 0.21 1b/sec for each set of nozzles. The
following nozzle combinations were tested:

1. all four nozzles operative

2. only the two hub nozzles operative

3. only the two tip nozzles operative
4. only the hub and tip nozzles at 18 percent of the vane chord-length operative
5. only the hub and tip nozzles at 48 percent of the vane chord-length operative.

Data were taken at another point without blowing flow to provide a baseline for comparing
the effects of the different nozzle combinations. The compressor discharge throttle setting
was identical for all six data points and only the number of operative nozzles was varied.
Because of the small changes in performance seen with blowing, combination 1 (all four
nozzles operative) was selected as the optimum combination for further testing,

Rotating-Stall Surveys

Rotating stall surveys were conducted at 50, 70, 90, and 100 percent of design speed. The
surveys were conducted both without blowing flow and with optimum blowing flow. These
surveys consisted of determining the point of initiation of rotating stall and the radial extent
of the stall zones. As the discharge throttle was closed from wide open into stall, velocity
fluctuations at the rotor inlet were measured and recorded simultaneously with the measure-
ments from strain gages, a speed signal, and the measurements from a stator leading edge



static pressure probe. The strain gages were located on selected stators and rotors, and the
velocity fluctuations were measured by means of three-sensor hot-film probes at 25, 50, and
80 percent span from the hub.

)

Overall and Blade Element Performance Tests

Twenty overall and blade element performance data points were taken without blowing flow
and 20 with blowing flow. The points were taken over a range between wide-open throttle
and stall at 50, 70, 90, and 100 percent of design speed. Stall flow was also measured for each
of these percent speeds. Sixteen performance data points were taken with choked blowing
flow through different combinations of nozzles. Five data points were taken at both 70 and
100 percent of design speed with the optimum flow rate; all four blowing nozzles were oper-
ative. At design speed, five points were also taken with one-half the optimum flow rate—
choked blowing flow through two of the four nozzles (the hub and tip nozzles at only 48
percent of the vane chord-length). One additional near-stall point was taken with the hub and
tip nozzles at only 18 percent of the vane chord-length operative. The data points taken with-
out blowing flow were at identical compressor throttle settings. This was accomplished by
first setting a particular operating condition without blowing, taking overall and blade-element
performance data, and then successively repeating the data point after introducing blowing
flow through the different nozzle combinations to be tested.

Boundary Layer Surveys

Boundary layer surveys were conducted at the stator inlet and exit for six data points at design
speed. At three discharge throttle settings, data were taken first without blowing flow and
then with choked blowing flow through all four nozzles. A boundary layer survey was also
conducted at a near-surge point at 90 percent of design speed without blowing flow. These
surveys consisted of radial and tangential traverses of total pressure, total temperature, static
pressure, and airflow angle at 15 radial locations. Tangential traverse data were used to make
contour plots of these parameters at the stator exit.

PHASE If — WALL-SUCTION AND COMBINED CORNER-BLOW WALL-SUCTION STATOR
TESTS

Wall-Suction/Flow Optimization Tests
At the design speed and peak efficiency throttle setting, five data points were taken with dif-

ferent amounts of suction flow through the hub and tip annular slits to determine the opti-

mum suction flow rate for further testing. Data points for the following conditions were ob-
tained:

1. maximum suction flow through both the hub and tip slits
2. maximum suction flow through the hub slit only

3. maximum suction flow through the tip slit only



4. 75 percent of the maximum hub and 84 percent of the maximum tip suction
flow rate

5. 65 percent of the maximum hub and 76 percent of the maximum tip suction
flow rate

The maximum hub suction flow rate achieved was 1.71 Ib/sec as compared to a design flow
rate of 2.02 Ib/sec. Design hub suction flow rate was not achieved because of high losses in
the piping system used to remove the hub suction flow. The maximum tip suction flow rate
achieved was 2.67 Ib/sec as compared to a design flow rate of 2.66 Ib/sec. Maximum flow
through the hub and tip annular slits was selected as the optimum flow rate for further test-
ing.

Rotating Stall Surveys

Rotating stall surveys were conducted at 50, 70, 90, and 100 percent of design speed with the
optimum wall-suction and with combined optimum comer-blowing and optimum wall-suction
flow. These surveys were conducted in the same manner as for the baseline and corner-blow-

ing stator tests.

Overall and Blade-Element Performance Tests

Eight overall and blade-element performance data points were taken at 70 and 100 percent of
design speed with both optimum wall-suction flow and combined optimum wall-suction and
comer-blowing (a total of sixteen data points). For each boundary layer treatment, five of
the data points were taken at 70 percent of design speed, but only three data points were
taken at design speed because the program was abbreviated due to test facility difficulties. As
in the baseline and corner-blow stator tests, speed and throttle settings were made with suction
only and then data points were taken with and without blowing flow.

Boundary Layer Survey

Boundary layer surveys were conducted at three throttle-settings at design speed with wall-
suction and then with combined wall-suction and corner-blowing (a total of six data points).
The surveys were conducted at approximately the same operating conditions as the boundary
layer surveys with the baseline and corner-blow stators so that the stator exit contours could
be compared for all four stators.

CALCULATION PROCEDURES

Raw data measurements from all probes were converted to engineering units, aerodynamically
corrected, and mass averaged in the same manner as discussed in reference 1 for uniform inlet
flow. Blade element and overall performance parameters were calculated similar to reference
1 but with corrections made to account for flow added or extracted between the rotor inlet
and stator exit. The corrections made are explained below.

The flow-field analysis computer program of reference 1 was used with modified input pro-
cedures to simulate the physical processes of blowing and wail suction. Each data point with



blowing and without blowing (baseline) was taken at the same throttle setting. Each data
point with blowing and wall-suction combined and wall-suction alone was also taken at the
same throttle setting. The input to the flow-field program for blowing included measured dis-
tributions of rotor total pressure ratio and temperature ratio from the baseline point and with
radial distributions of stator exit pressure, air angle, and wake blockage factors from blowing
point measurements. For the combined blowing and suction points, the flow-field program
input used radial distributions of rotor total pressure ratio and total temperature ratio from
the suction-alone point with stator exit pressure, air angle, and wake blockages as measured
with combined blowing and suction.

All points with suction had stator leading and trailing edge blockage factors reduced so that
the streamline calculation used the correct effective flow area to obtain velocity distributions
at these locations.

The computer program used to calculate overall system efficiency and pressure ratio was sep-
arate from the computer program used to calculate stator recovery. System efficiency was
defined as ideal-work/actual-work in the conventional manner but accounted for blowing
and suction flows. Ideal work is the net isentropic werk required to bring all constituent
flows reaching the stator exit to the mass-averaged stator exit pressure. This ideal work
accounts for high-pressure blowing from an outside source. The actual-work calculation in-
cluded rotor work done on the flow that reaches the stator exit and rotor work on the suc-
tion flow extracted at the stator inlet. It did not include the work done by the facility ex-
hausters or blowers. System performance was calculated for each configuration tested using
equations derived in Appendix B. Calculations for the corner blow and combined blowing-
suction configuration included overall pressure ratio and stator recovery corrections due to
the mixing of high-pressure blowing air with mainstream air. The wall-suction overall rotor
and stage pressure ratios and stator recovery are the radially mass-averaged values calculated
by the flow-field program as was done for baseline performance. A detailed description of
the overall performance calculation for each configuration is provided in Appendix B. Ad-
justed efficiency, pressure ratio, and stator recovery are tabulated for each data point in
Appendix C.

For the boundary layer survey points, overall performance and blade element calculations
were made using the wake rake data, and contour plots of P, p, 8, and T were generated from
combination-probe measurements. Velocities were calculated from measurements of total
and static pressure, total temperature, and air angle as described in reference 2.

RESULTS AND DISCUSSION

The results of the baseline, corner-blow, annular slit suction, and combined corner-blow and
annular slit suction stator tests are discussed under the headings “Shakedown Test’’ and “Per-
formance Test”. The shakedown results include some brief observations of vibratory stress
levels and rotating stall phenomena which occurred during the surge cycle. Also included

are the results of the flow optimization test for the corner-blow stator.

Overall performance for rotor and stage is presented for the baseline (no endwall treatment),
corner-blow, annular slit suction, and combined corner-blow and annular slit suction stator
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tests. Rotor blade elements plots are presented for the baseline stator test only. Stator blade
elements plots are presented for the baseline, corner-blow, annular slit suction, and combined
corner-blow and annular slit suction stator tests. Gapwise distributions of stator exit total
pressures are presented for the baseline, corner-blow, annular slit suction, and combined
corner-blow and annular slit suction stator test for the near-surge and near-choke conditions
at 70 and 100 percent design speed. Contour plots of stator exit traverse data are presented
for three weight flows at 70 and 100 percent design speed for the baseline, corner-blow,
annular slit suction, and combined corner-blow and slit suction.

SHAKEDOWN TEST

Levels of vibratory stresses on the blades and vanes were recorded during accelerations and
decelerations between 50 and 105 percent of design speed with wide-open throttle and near-
stall throttle settings. All observed blade and vane vibratory stress levels were within accept-
able limits.

At all speeds, minimum flow was determined by compressor surge for both the baseline and
for all boundary layer control combinations. This was determined from continuous record-
ings of signals from a three-sensor, hot-film probe at the rotor inlet, from strain gages, and
from static pressure probes located along the flow-path walls. At high speeds these measure-
ments showed large fluctuations in velocity simultaneous with high vibratory stresses in rotor
and stator blades and static pressure variations. Periodic fluctuations in velocity indicated that
rotating stall occurred at the beginning of the surge cycle.

Optimization tests were conducted at 100 percent design speed to determine the most favor-
able locations and rates of blowing and suction. Figure 11 presents stator wake rake data at
a part-throttle flow for the near-wall locations of 5 and 90 percent of span from the hub.
Vane wakes at these span locations indicated that most of the benefit of blowing was being
achieved with the 48 percent chord nozzles and that the tip was being benefitted more than
the hub. However, due to the small magnitude of the changes observed and the small amount
of flow required to choke each nozzle, it was decided that the test program would be con-
ducted with all blowing nozzles and suction slits active.

PERFORMANCE TEST
Overall Performance

Overall baseline rotor and stage performance is presented in Figures 12 and 13. Stage perfor-
mance with and without selected rates of suction and/or blowing is presented in Figure 14.
The stall line in each case was established by extrapolating the characteristic speed-lines to
measured stall airflows, shown as slashed symbols on the figures. Peak baseline rotor efficiency
was 86.7 percent at design speed and 87.0 percent at 70 percent speed.

Stage performance for baseline and maximum blowing revealed no changes in the pressure
ratio, airflow characteristic at 70 and 100 percent design speed. Local changes in stator per-
formance near endwalls were too small to affect overall performance. The same observation
could be made for the configuration with suction and combined suction and blowing. Both
uncorrected and corrected efficiencies are presented in Figure 14. For blowing, the efficiency
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correction, which accounts for the addition of high energy air behind the rotor, reduced the
peak stage efficiency by a 0.5 percentage point at design speed and by 1.3 percentage points
at 70 percent design speed. With suction, the efficiency correction, reflecting the rotor

work done on the bleed flow, reduced peak stage efficiency by 2.5 percentage points at design
speed and by 3.5 percentage points at 70 percent design speed. The efficiency corrections
with combined blowing and suction were consistent with corrections for blowing alone and
suction alone. In general, differences in pressure ratios between the baseline stator and the
stator with blowing or suction were small.

Blade Element Performance

Figure 15 presents blade element total pressure loss coefficient, diffusion factor, and deviation
versus incident angle for the baseline rotor. Figures 16 through 19 present stator blade ele-
ment data with and without blowing, with suction, and with combined blowing and suction.

Some caution should be observed in interpreting the blade element loss and loading data since
the calculation procedure satisfied continuity accounting for mass addition or removal be-
tween axial stations, but losses were calculated based on the differences between peak total
pressure and mass flow averaged total pressure from stator exit rake wake measurements. With
a jet of high-pressure blowing air at one gapwise location, the peak pressure may not represent
a true average, stable-inlet pressure. Also, the effects on streamline of adding or subtracting
flow at particular locations were not accounted for. A tabulation of the data is given in
Appendix C.

Stator Wake Rake Total Pressure Profiles

Gapwise distributions of stator-exit total pressure are presented in Figures 20 through 27 at
70 and 100 percent design speed for the near-surge and wide-open throttle positions. Figures
20 to 23 show a comparison of stator wake profiles with and without blowing. Similarly,
Figures 24 to 27 show a comparison of suction with combined suction and blowing. The
largest change in wake profile due to blowing was found to occur at 70 percent design speed
for the wide-open throttle point. This was also true for the effect of stator hub-slit suction
discussed in reference 2,which achieved significant improvements in stator hub wake pro-
files. A plot of the integrated difference in stator wake total pressure with and without
blowing is presented in Figure 28. The improvement at each span location at 70 percent
design speed and wide open throttle is shown. Also shown on the graph is the product of
the total nozzle area and the difference between the nozzle total pressure and stator base-
line exit average total pressure. The resulting parameter reflects the effect of mixing with
the free-stream air and, in a sense, is proportional to the minimum total pressure change to
be expected at stator exit due to blowing. Figure 28 indicates that jet mixing had affected
a region out to 5 percent span from the hub and from 85 to 95 percent span at the tip.
Reductions in stator loss were approximately equal to the pressure rise obtained by simple
mixing of the nozzle and free-stream flow. However, the greater part of the reduction of

stator loss was achieved using only the 48 percent chord corner nozzle, as shown during the
optimization tests.

A comparison of baseline stator wakes with those having suction (Figure 20 versus 24 and

Figure 22 versus 26) reveals only small differences at both 70 and 100 percent design for the
nedr-surge flow. As these points were not run back-to-back, some differnces in wake peak
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pressure ratio are evident. However, the peak-to-valley wake pressure difference at hub and
tip was slightly smaller for the case with suction as compared to baseline indicating improved
exit total pressures near the walls. Examination of the wide open flow (Figure 21 versus 25
and Figure 23 versus 27) for both speeds indicates that the situation had been altered, and

the difference in stator wake peak-to-valley pressure was now greater at the 5 and 95 percent
span locations for the case having suction compared to baseline, indicating an increase in wake
depth with suction.

Contour Plots of Stator Exit Traverse Data

Circumferential traverses were made at the stator exit for part-throttle, maximum efficiency,
and near-stall points at 100 and 70 percent design speed, for the baseline, blowing, suction,
and combined suction and blowing configurations. Measurements of total and static pressure,
total temperature, and absolute air-angle were obtained at 3.8,4.9,5.9,8.4,11.0, 15.4,31.0,
51.2,72.7,87.8,92.8,94.1,95.3, 96.6, and 97 .4 percent passage height from the hub. Tang-
ential spacing gave 15 readings across a stator gap at 90 percent span and 11 readings at 4.3
percent span. These measurements were used to calculate velocity vectors and to construct
contour plots showing patterns of P/Py g1, T/T,y g7 » airflow angle, and Vm A/Ot at the
stator exit instrumentation plane. These contours are shown in Figures 29 through 48.

Comparison of stator exit plane total pressure plots shown on Figures 29 (for design speed)
and 44 (for 90 percent design speed) reveals no significant differences between the baseline
stator and the stator with blowing, suction, or combined blowing and suction. These results
are more easily seen on the stator wake profiles discussed previously.

Rapid Response Hot-Film Data

Some indication of post-surge behavior of this stage may be gained by examining the traces
of hot-film probes positioned approximately 2.2 inches upstream of the rotor at 25, 50, and
85 percent span. Traces from these probes are shown on Figure 49 for the 100 percent design
speed. For the baseline, the surge pulse reaches the measurement plane uniformly at root,
mean, and tip. Pulse duration was not constant over the span but indicates that the hub re-
covered first and was followed by the mean and tip sections. Overall pulse duration was
0.014 second.

The traces obtained during surge with blowing indicate no significant change in the surge
pulse. However, a significant change in the surge pulse can be seen for the test with suction.
As before, the pulse reaches the measurement plane uniformly at root, mean, and tip. The
magnitude of the perturbation, however, was dramatically reduced at the hub. The length
of the surge pulse was approximately 0.013 second.

For combined blowing and suction, there was no significant change in post-surge behavior
compared to suction only. Evidently annular suction had changed the characteristic of the
stage in the deep-stall mode, resulting in a reduction in pulse severity and radial extent.

It should be noted that the hub suction slot was much closer to the rotor trailing edge than
was the tip suction slot. This would make the hub slot more effective in changing rotor char-
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acteristics than the tip slot. As indicated in reference 2, the high speed surge is believed to be
controlled by the rotor. The presence of an essentially choked suction slot near the rotor hub
can be expected to significantly change the aerodynamic flow path of the rotor at the very low
flows encountered during a surge pulse.

SUMMARY REMARKS

The use of stator corner-blow and annular slit suction ahead of the stator leading edge and
combined corner-blowing and annular slit suction, did not produce any significant changes in
the unstall or presurge performance of the stage. All of these endwall treatments showed
some improvement in stator recovery in the regions of 5 percent span and 85 to 95 percent
span from the hub. These local improvements in stator recovery were not enough to produce
significant improvements in overall stator recovery.

The subject endwall treatments showed no improvements in stator range. Examination of
stator performance at the near-surge point for the baseline (no blowing or suction) indicates
that this stator was performing reasonably well without endwall treatment in spite of the fact
that the stator had been restaggered four degrees open (4 degree increase in incidente angle).

Hot-film data indicated a reduction in the severity of the surge pulse for the stage when suc-
tion was applied behind the stalling rotor.
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Figure 5 Stator Blow Configuration
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Figure 49  Hot Film Oscillograph Trace of Surge Cycle
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Appendix A

PERFORMANCE PARAMETERS

Relative total temperature

(wrg)? - (wry?

Tte =T'. +
9 8 2

B

Incidence angle based on mean camber line
in =8'g -8
m =P “F%10
Deviation _
=8y ~ B
=81 -B*n1

Diffusion factor

D - 1 - V:9 . T9Ve9 ~ TgVpg
Vg (Tgttg) o V'

D - 1 - :7,11 L F10Ve10 TunVen
10 tre ¥ 711 Vo

Loss coefficient oy
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Loss parameter
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To 0

i) Wake blockage factor where n is number of tangential traverse

n .

- Z points equally spaced across a stator

K = T PAV 0 AV gap and PAV gy is calculated from mass
n avg flow averaged values of P, p, and T at

that radius

j)  For stage efficiency, stage pressure ratio, and stator recovery see Appendix B.
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APPENDIX B

STAGE EFFICIENCY, STAGE PRESSURE RATIO, AND STATOR
RECOVERY CALCULATION PROCEDURE FOR CORNER-BLOWING
AND WALL-SUCTION ENDWALL BOUNDARY LAYER CONTROL TREATMENTS

The procedures used for calculating overall stage efficiency with the corner-blow, wall-suc-
tion, and combined corner-blow and wall-suction boundary layer control devices account for
the flow that is added or extracted between the rotor inlet and stator exit. A schematic of
the control volume used in the calculation procedure is shown in Figure 50. The various
flows entering and leaving are shown for different conditions.

Overall stage efficiency is defined in the conventional manner

_ Ideal Work
MsTAGE Actual Work

Ideal work is the net work required for all flow that reaches the stator exit, including the
high-pressure blowing flow added at the stator endwalls. Actual work includes the rotor
work done on the flow that reaches the stator exit and on the suction flow extracted at the
stator-inlet.

CORNER-BLOW STATOR CONFIGURATION

From Figure 51, the expression for calculating ideal and actual work used in the overall stage
efficiency calculation is

_ ; —_— T \oeaLexiT B

n " p
INLET, AVG. n=1 T \nLeT, Ave.

Ideal Work
T

The subscripts assigned to each of the flows entering or leaving the conical volume are de-
fined in Figure 52. W is the measured flow rate into the compressor rotor (n = 1) or through
a set of blowing nozzles (n = 2 through n = 5). The average total temperature resulting from
adiabatic mixing of all flows entering the control volume (T INLET, AV o) is determined from

TlNLET, AVG.
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The ideal-exit total temp (T ) is determined from

IDEAL EXIT

v-1
PtEXIT
= T ——— Y
TIDEAL EXIT INLET, AVG. P
INLET, AVG.

Pt exit 1S the mass flow averaged total pressure measured at the stator-exit during blowing.
INLET. Avg, 1S an average inlet total pressure resulting from an isentropic mixing of all flows

entering the control volume. P, .+ Ay is determined from rearranging the expression

T P

] 5 INLET, AVG. INLET, AVG.
Change in Enthalpy = 0 = X \ ¢ mh —-—ou-u —-RIn —m8 ™
n=1 n P Tn -Pn

to the equation

5 T

ET, AVG.
S W T In __INLET, AVG +1InP
n=1 M\r-1 T n

In P \yier ave. = 5

Forn=1, Pn is the measured inlet total pressure during blowing; for n = 2 through 5, Pn

is the blowing nozzle exit total pressure obtained from the measured pressure in the blowing
manifold a.md the callbrate.d value of Pt, o, ¢ /Pt MANIEoLD for each choked nozzle. For
n=1,T_isthe measured inlet plenum total temperature; and for n = 2 through 5, T, is the
measured nozzle plenum total temperature with blowing.

T
Actual Work
Ao Work -y cp [—£XT ]

T T

Ty is the stator exit total temperature measured without blowing flow, and T1 is the
rotor inlet total temperature measured without blowing flow. Temperatures are taken at the
same compressor operating point where data are taken without blowing flow.
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P
EXIT
Overall Stage Pressure Ratio =

INLET, AVG.

This is the value already calculated for Ideal Work.

P

PSTATOREXHZAVG.

EXIT

Stator Total Pressure Recovery =

Peyr 18 the mass averaged stator exit total pressure during blowing as defined previously.
Peraton EXIT, AVG. is the i.se.ntropic average total pressure based. on stator inlfzt main flow
and on blowing flow conditions. It is calculated with the equation used previously to calcu-

late In values for P |, e1 ayg. ©xcept that P, and T, are the mass average values for stator
inlet values instead of rotor inlet.

WALL-SUCTION-STATOR CONFIGURATION

T
DEAL EXIT
Ideal Work = [w1 —W, — w,} C [ : - 1]
P T,
where: W1 = measured compressor inlet flow and
W67 = measured 1.D. and O.D. annular slit flow rates
v-1
TipeaLexiT _ Pexir ~
T P,
where P EX'T/ P, is the mass averaged overall stage total pressure ratio measured with wall

suction.

Actual Work Te Tg
== T - w,-ws—wJ c, |—— -1 + w,c| = -1
T, "1 T T,

L
T,
+ W, Cp f -1
Pexit
Stator Total Pressure Recovery = b

STATOR INLET

142



P ExIT 1S the mass averaged stator exit total press_ure with suctlog, and PsT ATOR INLET 1S the
mass averaged pressure downstream of annular slits, not rotor exit pressure.

COMBINED CORNER-BLOW AND WALL-SUCTION CONFIGURATION

Ideal W T

deal Work - W1 + W2 + W3 AW W —W C IDEAL EXIT 1
T 4 6 7 P T

INLET, AVG. INLET, AVG.

The Ideal Work calculation is the same for blowing except for the subtraction of work done

on suction flows. T INLET ar?d T, peaL ex7 ar€ the same as defined by the equations for the
corner-blow-stator configuration.

Actual Work _ W1—W6—W C Texn A oswoc Te -1
T1 7 P T1 6 T1

T7
+ W7 Cp T1—1

All temperatures are measured with suction but without blowing at the same compressor
operating points where data are taken with combined treatments.

P EXIT

Overall Stage Pressure Ratio =
INLET, AVG.

This ratio is calculated the same as for the blowing configuration where P, is the mass
averaged stator exit total pressure with combined suction and blowing.

P EXIT

Stator Total Pressure Recovery =
P srATOR INLET, AVG.

The Pty ator NLET, AVG. is the isentropic average based on stator inlet main flow and blow-
ing flow conditions. It is calculated using the P INLET, AVG. equation for the corner-blow-
stator configuration with stator inlet flow (W1 - We — W7) instead of rotor inlet flow (W1 );
P, and T, are the mass averaged stator inlet (downstream of annular suction slits) values

in steady of rotor inlet values.
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APPENDIX D
SYMBOLS
area, £t2
annulus area, ft2
frontal area, £t2
pressure coefficient
chord length, in.
Diffusion factor
conversion factor, 32.17 lbmft/lb sec?
interference shape parameter
incidence angle, angle between inlet air direction and line tangent to
blade mean camber line at leading edge, degrees
incidence angle, angle between inlet air direction and line tangent to
blade suction surface at leading edge, degrees
Mach number

mass average in radial directions

rotor speed, rpm

interger whose reciprocal defines the exponent for the power law
representation of the boundary layer velocity distribution

total pressure, psfa

static pressure, psfa
dynamic pressure, psfa

radius, ft

gas constant for air, ft-1b/Ib,, °R
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S - blade spacing, in.

T — total temperature, °R

t - static temperature, °R

t/c — thickness-to-chord ratio

U - rotor speed, ft/sec

\'% - air velocity, ft/sec

Vm — meridional velocity (Vr2 + sz)l/z, ft/sec
w — weight flow, Ib/sec

— absolute air angle, cot’] (Vm/V8), degree

B’ — relative air angle, cot™] (Vm/V8"), degree

I's — Gerster shape parameter

¥ — ratio of specific heats for air, 1.4

AB — air turning angle, degree

Ap* — camber angle, degree

) — ratio of inlet total pressure to standard pressure of 2116.22 lb/ft2 *
) - Boundary Layer Thickness *

8° - deviation angle, angle between exit air direction and tangent to blade

mean camber line at trailing edge, degrees
5% — boundary layer displacement thickness

€ — angle between tangent to streamline projected on meridional plane
and axial direction, degree

n — efficiency, %

03 - interference momentum loss area

*Symbols § and 0 have dual meaning in this report. Both are such common uses that a change
might result in confusion. However the use in context should be clear.
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Superscripts

ad

fs

sh

SS

ratio of inlet total temperature to standard temperature of 518.6°R*

boundary layer momentum thickness*

viscosity, ft2/sec
mass density, 1b-sec2/ £t
solidity, ratio of chord to spacing

total pressure loss coefficient

angular velocity of rotor, radians/sec

relative to moving blades
designates blade metal angle
axial direction

adiabatic

free stream

polytropic or profile

radial direction

meridional direction (in z-r plane)
shock

suction surface

free stream direction

axial direction

*Symbols 8 and  have dual meaning in this report. Both are such common uses that a change

might result in confusion. However the use in context should be clear.
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10

11

12
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tangential direction
plenum chamber
instrument plane upstream of rotor

station at rotor leading edge

station at rotor trailing edge
station at stator leading edge
station at stator trailing edge

instrument plane downstream of stator
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